Abstract. The recent theoretical developments in the field of neutrino-nucleus interactions in the few-GeV region are reviewed based on the presentations made at the NuInt09 Workshop. The topics of electron scattering and its connections with neutrino interactions, neutrino induced quasielastic scattering and pion production (coherent and incoherent) are covered, with special emphasis on the challenges that arise in the comparison with new experimental data.
INTRODUCTION
Neutrino interactions with nuclei have received a considerable attention in recent years stimulated by the needs of neutrino oscillation experiments. A variety of theoretical calculations have been performed for the different reaction channels. At the same time, new high quality data are becoming available from MiniBooNE, MINOS, NOMAD and SciBooNE, and more is expected from MINERνA, an experiment fully dedicated to cross section (CS) measurements. These problems have been addressed in the Sixth International Workshop on Neutrino-Nucleus Interactions in the Few-GeV Region (NuInt09) [1] . In this article, I present some of the theoretical highlights of this meeting, focusing on the most relevant reaction channels for accelerator-based experiments: quasielastic (QE) scattering and pion production (πP); electron-nucleus (eA) interactions and their relevance for neutrino-nucleus (νA) scattering are also discussed. To begin, the motivations for doing theoretical and experimental research on νA CS are reviewed.
MOTIVATION
Oscillation experiments [2] . Nowadays, the main reason for CS studies is the demand from oscillation experiments. Next generation ones aim at a precise determination of mass-squared difference ∆m 32 and mixing angle θ 23 in ν µ disappearance measurements. The ability to reconstruct the neutrino energy is crucial for this program. Indeed, the oscillation probability P(ν µ → ν τ ) = sin 2 2θ 23 sin 2 [∆m 2 32 L/(2E ν )] depends on the neutrino energy E ν , which is not known for broad fluxes. The neutrino energy is usually reconstructed from chargedcurrent quasielastic scattering (CCQE) events ν µ n → µ − p, dominant at E ν ∼ 1 GeV. If the energy and angle of the final lepton are measured, E ν can be determined with two-body kinematics, but this procedure is exact only for free neutrons. As detectors are composed of nuclei, the reconstructed energy is smeared due to the momentum distribution of the bound nucleons. Moreover, the E ν determination could be wrong for a fraction of events that are not CCQE ones but look identical to them in the detector. These are mainly ∆(1232) excitation events where the ∆ is absorbed before decaying. Rejecting them requires a good command of final state interactions (FSI).
High sensitivity searches for ν µ → ν e appearance, associated with θ 13 and CP violation, also rely on good CS knowledge. The main background is neutral current (NC) π 0 production because the electromagnetic showers from pion decay photons can be misidentified as electrons from ν e induced CCQE ν e n → e − p if one of the photons is not identified.
Astrophysics [3] . Neutrinos play an important role in astrophysical phenomena and carry information about the emitting sources. More precise measurements of the CNO neutrinos will provide a test for energy generation in stars and a better understanding of solar metalicity. The dynamics of core-collapse supernovae is controlled by neutrino interactions. The neutron rich environment of supernovae is a candidate site for r-process nucleosynthesis because radiated neutrinos convert neutrons into protons. These questions require a good knowledge of low energy neutrino production and detection CS. Although some neutrino CS of astrophysical interest could be investigated with beta beams, most of them cannot be measured and one relies on shell model or random phase approximation (RPA) calculations.
Physics beyond standard model [3, 4] . Neutrino CS might be used to set bounds on nonstandard neutrino interactions. For example, deviations from universality in the Zνν vertex could be accessed in deep inelastic scattering experiments at TeV energies. At low energies, a measurement of weak magnetism inν e p → e + n may provide another test of vector current conservation.
Hadronic physics. With high intensity neutrino beams it is possible to investigate the axial structure of the nucleon and baryon resonances. This information shall enlarge our view of hadron structure beyond what is presently known about electromagnetic form factors (FF) from JLab. MINERνA will probe the four-momentum transfer squared (Q 2 ) dependence of the nucleon axial FF with unprecedented accuracy and also study neutrino induced πP, which is dominated by resonance excitation. Another fundamental question is the strangeness content of the nucleon spin which can be best unraveled with NCQE ν p(n) → ν p(n) reactions.
Nuclear physics. Modern neutrino experiments are performed with nuclear targets. For nuclear physics this represents a challenge and an opportunity. A challenge because the above-mentioned prospects for more precise knowledge of neutrino and baryon properties require that nuclear effects are under control. An opportunity because νA CS incorporate a richer information than eA ones providing an excellent testing ground for nuclear structure, many-body mechanisms and reaction models.
ELECTRON SCATTERING
There are many theoretical methods that can be applied to νA interactions depending on the kinematic region: from shell model at low energies, through Fermi gas with hadronic degrees of freedom at intermediate energies, to perturbative QCD at the highest ones. All of them have been applied to eA scattering. Moreover, some have been developed with the aim of understanding the large amount of good quality data acquired in decades of experimental studies. A good description of electron scattering data is mandatory for neutrino interaction models.
In addition, electron scattering data on proton and deuteron are used to extract electromagnetic nucleon elastic and transition (N − ∆, N − N * ) FF, an input for the weak (V − A) hadronic currents since the V FF can be expressed in terms of the electromagnetic ones assuming isospin symmetry. Thanks to JLab data it has been established that proton electric and magnetic FF do not have the same behavior at large Q 2 [5] . These developments are incorporated in the FF parametrizations provided by Bodek et al. [6] . For resonance excitation, a unitary isobar model (MAID) has been used to extract the transition helicity amplitudes from the world data on pion photoand electro-production for all four star resonances with masses below 2 GeV [7] . The helicity amplitudes can be mapped into the electromagnetic FF. The analysis reveals that the N − ∆(1232) transition is not purely magnetic. This has some impact on neutrino induced πP CS [8] .
Let us consider now inclusive eA scattering, where only the final electron is detected. The simplest model for this reaction in the QE region, and the one implemented by default in all event generators used in the analysis of neutrino data, is the relativistic global Fermi gas (FG) model. It assumes that the interaction takes place on single nucleons whose contributions are summed incoherently [impulse approximation (IA)]. The struck nucleons have momentum distributions characterized by a Fermi momentum p F , and a constant binding energy ε B . Outgoing nucleons cannot go into occupied states (Pauli blocking) [9] . With two parameters (p F , ε B ), the main features of the inclusive QE CS can be explained. However, a more careful view reveals the shortcomes of this simple picture. In particular, the global FG model overestimates the longitudinal response. Nuclear dynamics must be taken into account [10] .
The presence of nucleon-nucleon (NN) interactions implies that nucleon propagators are dressed with complex selfenergies Σ. In other words, the nucleons do not have a well defined dispersion relation but become broad states characterized by spectral functions
for both struck (holes) and outgoing (particles) nucleons. S h includes an 80-90% contibution from single-particle states while the rest of the nucleons participate in NN interactions (correlations) and are located at high momentum (see Fig. 4 of Ref. [11] ). S p includes the effect of the interaction of the outgoing nucleon with the medium, often accounted for with an optical potential (OP) within the Glauber approximation [11] . An alternative approach [8] adopts a local FG model (p F (r) = [(3/2)π 2 ρ(r)] 1/3 with ρ(r) the nuclear density), which introduces space-momentum correlations absent in the global FG (see Fig. 6 of Ref. [8] ). Instead of the constant binding, all nucleons are exposed to a density and momentum dependent mean field potential. S p is considered in full glory, employing the low density approximation to calculate ImΣ, but it is argued that the correlated part of S h plays a minor role in the description of inclusive CS and is neglected. With both frameworks a good description of inclusive data in the QE region is achieved (see Figs. 2,3 of Ref. [12] and Figs. 9,10 of Ref. [8] ) improving the result of the global FG. Furthermore, they can be extended to include resonances and nonresonant πP. While the agreement with data at the second (∆) peak is also good, the description of the dip region between the QE and ∆ peaks requires 2-particle-2-hole (2p − 2h) excitations from meson exchange currents (MEC) [13] . The dip region is important for νA experiments because many CCQE-like events originate there.
There is another class of IA relativistic models originally developed for QE electron scattering and later extended to neutrino scattering [14, 15] . The initial nucleons are treated as single-particle bound states whose wave functions are solutions of the Dirac equation with a σ -ω mean field potential. The various treatments of the final state include plane-wave IA, where the interaction of the outgoing nucleon with the medium is neglected, the so called relativistic mean field model (RMF), where the scattering wave functions are calculated with the same energy independent real potential used for the bound nucleons, and distorted-wave IA with complex OP (DWIA); in this case the scattering states are obtained by solving the Dirac equation or using the Glauber model. DWIA models are successful in describing a large amount of exclusive proton knockout (e, e ′ p) data but are not appropriate for inclusive scattering. The imaginary part of the OP produces an absorption and a reduction of the CS (see Fig. 1 of Ref. [14] ), which accounts for the flux lost towards other channels. This is correct for an exclusive reaction but not for an inclusive one where all channels contribute and the total flux must be conserved. This approximation that retains only the real part for inclusive processes conserves the flux but is conceptually wrong because the OP has to be complex owing to the presence of inelastic channels [14] . An alternative is the Green function approach [16] where the imaginary part of the OP is responsible for the flux redistribution among different channels. This method guarantees a consistent treatment of both exclusive and inclusive reactions. An excellent description of the QE peak at different energies is achieved (Fig. 8 of Ref. [16] ) although the transverse response is overestimated due of the lack of more complicated mechanisms such as MEC.
Inclusive electron scattering data exhibit interesting systematics that can be used to predict νA CS. When the experimental (e, e ′ ) differential CS are divided by the corresponding single nucleon CS and multiplied by the global Fermi momentum, the resulting function
is found to depend on energy and 3-momentum transfers (ω, | q|) through a particular combination, the scaling variable ψ ′ , and to be largely independent of the specific nucleus (superscaling) [17] . Scaling violations reside mainly in the transverse channel. Therefore, an experimental scaling function f (ψ ′ ) could be extracted by fitting the data for the longitudinal response. The experimental f (ψ ′ ) has an asymmetric shape with a tail at positive ψ ′ (large ω). The requirement of a realistic description of the scaling function is a constraint for nuclear models. The relativistic FG model with exact superscaling gives a wrong symmetric shape for f (ψ ′ ) while the RMF model reproduces it well. With the superscaling approximation (SuSA) a good representation of the nuclear response can be obtained by embedding nuclear effects in the scaling function: the observables can be calculated with the simple relativistic FG model followed by the replacement f FG → f exp . The same strategy can be used to predict νA CS, minimizing the model dependence of the results. SuSA predicts 15 % smaller total CCQE CS compared to the relativistic FG. (Fig. 3 of Ref. [18] ). It should be remembered that scaling fails at ω < 40 MeV and | q| < 400 MeV due to collective effects.
NEUTRINO INDUCED QE SCATTERING
The CCQE scattering amplitude on a single nucleon is proportional to the product of the leptonic and hadronic currents. The hadronic one is given in terms of vector and axial FF F A,P . F P can be related to F A using PCAC. F A is usually parametrized as
with g A = 1.27 from β decay. For M A , the world average value from early experiments is M A = 1.026 ± 0.021 GeV [19] and the one extracted from threshold π electroproduction dataM A = 1.069 ± 0.016 GeV [19] . While the result of early neutrino experiments might be questionable due to the low statistics and poor knowledge of the neutrino flux, π electroproduction offers a solid indication that, at least at low Q 2 , M A ∼ 1 GeV. Modern experiments have started to provide a wealth of data on neutrino induced QE scattering for different energies and nuclear targets. MiniBooNE, running at E ν ∼ 750 MeV on a CH 2 target, has collected the largest sample available so far for low energy ν µ CCQE [20] . After subtracting the non CCQE background using NUANCE [21] , the CCQE data set was analyzed with the relativistic global FG model. The shape of the muon angular and energy distributions averaged over the ν µ flux could be described with standard values of p F and ε B , but restricting the phase space for the final proton by means of an ad hoc parameter κ = 1.019 ± 0.011, and taking M A = 1.23 ± 0.20 GeV [20] . This value of M A is considerably higher than the world average and the NOMAD result at high energies (3-100 GeV), also on 12 C [M A = 1.05 ± 0.02(stat) ± 0.06(syst) GeV] [22] . A recent MiniBooNE reanalysis, using CC single πP data to adjust the simulation employed to subtract the background, obtains κ = 1.007 ± 0.007 and an even higher M A = 1.35 ± 0.17 GeV [23] .
The introduction of κ offers a convenient way of parametrizing the low Q 2 reduction shown by the data within a simple FG model but its physical meaning is obscure. As explained above, the high M A is also hard to understand. An alternative is that the observed increase of the CS at higher Q 2 might reflect the underlying nuclear physics rather than the nucleon's. A more realistic description using spectral functions explains neither the low Q 2 reduction nor the high Q 2 increase [24, 25] . In Ref. [25] , it has been shown that the shape of the Q 2 distribution extracted from data by MiniBooNE could be reproduced fairly well with M A = 1 GeV by taking into account the renormalization of the electroweak couplings caused by the presence of strongly interacting nucleons (long range RPA correlations). This phenomenon, known as quenching, is well established in nuclear β decay and has proved crucial for a simultaneous description of muon capture on 12 C and the low energy LSND CCQE measurement [26] . The problem is that quenching causes a reduction of the integrated CS already with respect to the FG result with M A = 1 GeV. The model prediction σ = 3.2 × 10 −38 cm 2 is much smaller than MiniBooNE's result of 5.65 × 10 −38 cm 2 with an error of 10.8 % [23] . Other approaches like SUSA and RMF also find a reduction in the integrated CS. A promising solution to this puzzle has been proposed in a recent article [27] , where the additional strength measured by MiniBooNE is explained by the contribution of 2p − 2h states that are not experimentally distinguishable from the standard 1p − 1h CCQE. More accurate comparisons to data (preferably inclusive) are still required: although the authors of Ref. [21] stress that the dominant contributions to the 2p − 2h CS do not reduce to a modification of the ∆ width, the background subtracted from the MiniBooNE data includes a supression of π production that, in principle, accounts for pionless resonance decay [21] .
PION PRODUCTION
Pion production in nuclei can be incoherent if the final nucleus is excited, or coherent if the nucleus remains in its ground state. The first step towards a good description of πP on nuclear targets is a realistic model of the elementary reaction (on nucleons). In the few-GeV region, the ∆(1232) excitation, followed by ∆ → πN is the dominant mechanism. Little is known about the axial N − ∆ FF, often denoted as
is the relevant one. The value of C A 5 (0) can be related to the ∆Nπ coupling:
The Q 2 behavior can be obtained by comparison to deuterium data from ANL and BNL bubble chamber experiments, with good statistics but large systematic errors due to the poor knowledge of the neutrino flux. In addition, there are nonresonant contributions that, close to threshold, are fully determined by chiral symmetry [28] . The inclusion of these nonresonant terms led the authors of Ref. [28] to reduce C A 5 (0) = 0.867 ± 0.075 to describe the data, but the fit was done to ANL data alone, which are systematically below BNL ones. A combined analysis of both ANL and BNL data taking into account normalization uncertainties and deuteron effects, but not the nonresonant background, obtains C A 5 (0) = 1.19 ± 0.08 [29] . Another theoretical description is based on a dynamical model of photo-, electro-and weak πP [30] . Starting from an effective Hamiltonian with N − ∆ couplings obtained with the constituent quark model (∼ 30 % below the measured ones), the T matrix is obtained by solving the Lippmann-Schwinger equation in coupled channels. In this way the bare couplings get renormalized by meson clouds. The predicted CS are in good agreement with data (Figs. 5-8 of Ref. [30] ).
When πP takes place inside the nucleus, the elementary cross section is modified. The most important inmedium change in this case is the modification of the ∆, whose mass gets shifted and its width increased due to absorption processes, mainly ∆ N → N N. The produced pion interacts strongly with the nuclear environment: it can be absorbed or scatter with the nucleons with and without charge exchange. At intermediate energies, a large number of states can be excited, so the description of the final system, in particular pion and nucleon propagation, requires a semiclassical treatment. The Giessen Boltzmann-Uehling-Uhlenberg (GiBUU) model allows to study these FSI in a realistic manner using transport theory in coupled channels. The effect of FSI on pion spectra appears to be large, especially for heavy targets (see for instance Figs. 13 and 14 of Ref. [31] ). The ratio σ (CC1π + )/σ (CCQE) as a function of the neutrino energy has also been studied and compared to the observed (i.e. without FSI corrections) MiniBooNE experimental result [32] . The calculation should include all CCQElike events in the denominator. It is found that the theory clearly underestimates the data at E ν > 1 GeV (see Fig. 3 of Ref. [33] ). A similar result is obtained in Ref. [34] with a model that accounts for in-medium modifications of the elementary CS and propagates the pions through the medium with a cascade. Reference [27] finds a good agreement for the observed ratio (bottom panel of Fig.  19 ) but without including pion FSI. The latter will reduce the numerator and increase the denominator spoiling the agreement to some extent.
Coherent πP occurs at very low Q 2 where the nucleus is less likely to break. It has a very small CS compared to the incoherent process, but relatively larger than coherent πP induced by photons or electrons due to the non vanishing contribution of the axial current at the relevant kinematics [35] . This reaction has attracted the attention of theoreticians because the low energy experiments find CS smaller than predicted by the pioneering model of Rein and Sehgal (RS) [36] . The RS model uses PCAC in the Q 2 = 0 limit to relate neutrino induced coherent πP to pion-nucleus (πA) elastic scattering, which is modeled in terms of the pion-nucleon CS. By taking the Q 2 = 0 limit, the RS model neglects important angular dependence at low energies [37] . This, together with the fact that the description of the πA elastic CS is not realistic [37] , results in CS well above the experimental data. As the energy increases, these deficiencies become less relevant and the RS model is revealed as a simple and elegant method. An alternative approach based on PCAC directly uses the experimental πA elastic CS [38, 39] . In this way the treatment of the outgoing pion is improved, but a spurious initial pion distortion, present in πA elastic scattering but not in coherent πP, is introduced. With this method smaller and more compatible with the experiments CS are obtained. Microscopic approaches meant to work in the ∆ region (and only there) have also been developed. They combine the ∆ excitation picture of weak πP on the nucleon or the more complete models of Refs. [28, 30] with the ∆-hole model. As the nucleus remains in its ground state, a quantum treatment of pion distortion is feasible by means of the eikonal approximation [40] , the Klein-Gordon [41, 35] or the Lippmann-Schwinger [42] equations with realistic OP. It is found that medium effects and pion distortion reduce considerably the CS and shift the peak to lower pion-momenta (see for example Fig. 2 of Ref. [35] ). Nonlocalities in the ∆ propagation were found relevant [43] and have been explicitly taken into account in Ref. [42] but not in Refs. [40, 41, 35] , where they might have been partially included via the empirical ∆ mass shift [42] . The coherent πP CS is very sensitive to the value of C A 5 (0) [41] . A preliminary comparison to MiniBooNE NCπ 0 data [44] indicates that a C A 5 (0) ∼ 1.2 is preferred.
CONCLUSIONS
This is an excellent time for theoretical studies on νA interactions as new high quality data have started to appear. A good understanding of (semi)inclusive νA (together with eA) CS is required for the (model dependent) separation of different mechanisms: only then more precise determinations of E ν and of the NCπ 0 background will be possible. The theoretical progress should also find its way to the simulations employed by the experiments.
